. This is the approach we take here. While studying the formause ICs to make very accurate judgments about the shapes of the surfaces bound by those ICs (Gold et al., tion of ICs using a shape discrimination task, anecdotal observations suggested that IC completion was rela-2000; Kellman et al., 1998; Ringach and Shapley, 1996). Good performance is maintained even when the lumitively weak for ICs traversing the vertical meridian. We conjectured that this impairment might be related to the nance-defined fragments of the contour are separated by very large gaps, of 10Њ visual angle or more (Ringach interhemispheric divide, and that this could in turn shed light on the mechanisms underlying contour completion. and Shapley, 1996; Rubin et al., 1997; see also below). The ability of the visual system to link such widely sepaHere, we present evidence that IC completion is indeed impaired when information about the contour must be rated contour fragments is well motivated ecologically since real-world scenes often contain very large occludintegrated from both hemispheres. We also show that a visual task which requires integration of visual informaing surfaces. At the same time, explaining how longrange completion is performed by the brain presents tion from similar spatial locations, but which does not involve perceptual completion, does not show sensitivity significant challenges.
Introduction preclude this possibility, even for long-range linking.
Behavioral studies can play a key role in exploring Illusory contours (ICs) are surface boundaries which are perceived in the absence of any luminance gradient the functional significance of neural activity observed in physiology and imaging experiments. In particular, (Kanizsa, 1955 (Kanizsa, , 1976 (Kanizsa, , 1987 ; see also Figures 1A and 1B). ICs have been used extensively to study perceptual finding that a well-performed sensory skill breaks down under very specific conditions can be revealing about completion-the reconstruction of occluded or missing edges in images of 3D scenes. Human observers can the mechanisms underlying that skill (Blake, 1995) . This is the approach we take here. While studying the formause ICs to make very accurate judgments about the shapes of the surfaces bound by those ICs (Gold et al., tion of ICs using a shape discrimination task, anecdotal observations suggested that IC completion was rela-2000; Kellman et al., 1998; Ringach and Shapley, 1996). Good performance is maintained even when the lumitively weak for ICs traversing the vertical meridian. We conjectured that this impairment might be related to the nance-defined fragments of the contour are separated by very large gaps, of 10Њ visual angle or more (Ringach interhemispheric divide, and that this could in turn shed light on the mechanisms underlying contour completion. and Shapley, 1996; Rubin et al., 1997; see also below). The ability of the visual system to link such widely sepaHere, we present evidence that IC completion is indeed impaired when information about the contour must be rated contour fragments is well motivated ecologically since real-world scenes often contain very large occludintegrated from both hemispheres. We also show that a visual task which requires integration of visual informaing surfaces. At the same time, explaining how longrange completion is performed by the brain presents tion from similar spatial locations, but which does not involve perceptual completion, does not show sensitivity significant challenges.
Physiological studies have so far not provided a clearto the hemispheric divide. Thus, perceptual completion suffers uniquely from the need to integrate information cut answer as to how contour completion is achieved in the brain. There is evidence that V1 and V2 neurons from the two hemispheres. We discuss the implications of these findings, and propose that they provide eviin the macaque monkey respond to ICs, i.e., to stimuli which contain no luminance gradients within their "clasdence for the involvement of early cortex in perceptual completion. nizsa, 1976; Ringach and Shapley, 1996). Previous studfor across-hemifield ICs. Figure 2B shows the results for all the observers who participated in the experiment ies have shown that good performance in this task depends on the ability to perceive ICs (Gold et al., 2000; (see Experimental Procedures). All eight observers performed better on within-hemifield than on across-hemiRingach and Shapley, 1996; Rubin et al., 1997). It was also shown that the dependence of performance in this field ICs. Seven observers had a highly significant difference in thresholds (p Ͻ .005), comparable to or greater task on the visual field location of the ICs can shed light on the underlying brain organization (Rubin et al., 1996) . than that shown by LS, while for one subject (MI) the difference was not statistically significant. The original task was modified to allow for independent assessments of within-hemifield and across-hemifield A second experiment examined whether the difficulty integrating visual information across the vertical meridperceptual completion. The angular openings of the inducers were varied so that two of the ICs of the Kanizsa ian is specific to perceptual completion. The task required integration of information from spatial locations figures were curved. The difficulty of the task was controlled by varying how much the angular openings devisimilar to those in the first experiment, but the stimuli did not give rise to perceptual completion. Observers ated from 90Њ, which induced differing degrees of curvature in the illusory edges. The curvature of the top/ were asked to determine the relative displacement of two parallel, nearly colinear line segments. The lines bottom (across-hemifield) and side (within-hemifield) ICs was varied independently. Observers were asked to were widely separated and were shifted so as not to be precisely colinear; we term this the distal misalignment determine the direction of curvature (convex or concave). Figure 1 illustrates the experimental paradigm (DM) discrimination task. As in the IC experiment, there were two conditions: within-hemifield and across-hemiused.
The results show a marked advantage for discriminafield (see Experimental Procedures and illustrations in Figure 3 ). Given that the spatial (and temporal) distribution of within-hemifield ICs compared to across-hemifield ICs. Figure 2A shows The results showed no consistent asymmetry beand bottom contained across-hemifield ICs. Because the two types of stimuli were presented randomly within tween the within-hemifield and across-hemifield conditions for the DM task. Figure 3A shows the results when the same experimental session, an observer who attended preferentially to the side ICs would be expected data from all six observers are averaged: the psychometric functions for the two conditions are statistically indisto better discriminate curvature in within-hemifield ICs than in across-hemifield ICs. To test this possible explatinguishable. Individually, three observers showed no significant difference between conditions, two pernation, we repeated the experiment using a blocked design. Each block of trials contained only within-hemiformed better on the across-hemifield condition, and one performed better on the within-hemifield condition.
field or only across-hemifield stimuli. Thus, observers knew which part of the image contained the task-releNote that although performance is rather poor in this task (i.e., thresholds are high), we need not be convant information, and could allocate attention optimally in each case. Five observers participated in this expericerned that the similar performance in the two conditions is due to a "floor effect." The psychometric funcment. Figure 4 shows their averaged performance for the within-hemifield (left) and across-hemifield (right) tions span a range of performance up to 80% correct, ensuring that the two conditions are performed similarly experimental blocks. The thresholds obtained were 2.4Њ and 5.1Њ, respectively. Under these conditions of reeven at rather high performance levels. (Similar thresholds were also obtained when the masks were removed, duced uncertainty, performance increased for both types of stimuli, but the superior performance for withinleading to substantially higher levels of performance; data not shown.) Thus, not all tasks that require integrahemifield ICs persisted, indicating that better performance on within-hemifield ICs cannot be accounted tion over wide gaps are impaired when information is distributed on opposite sides of the vertical meridian.
for by an attentional bias. The results of this control experiment also suggest that the stronger "behavioral Perceptual completion seems to show unique sensitivity to across-hemifield integration.
receptive fields" found along the within-hemifield ICs by Gold et al. (2000) reflected a difficulty in acrossFinally, we conducted a series of control experiments to confirm that the poor performance in the acrosshemifield integration, and not an attentional bias. A second alternative explanation for the performance hemifield completion IC task indeed resulted from greater difficulty performing completion across the vertiasymmetry is that it was related to the underlying shapes used in the discrimination task, not to the completion cal meridian. Three alternative explanations for the per- fixed. Figure 5B shows that as the fraction of the perimeformance of a group of four observers. For these eccentric stimuli, overall performance was worse than before, ter defined by illusory contours becomes smaller, the difference in performance between within-and acrossbut there was no consistent difference in performance for vertical versus horizontal IC stimuli. Thus, horizontal hemifield performance goes smoothly to zero. This is consistent with our interpretation that performance ICs are not intrinsically more difficult to perceive than vertical ICs, and the differences in discrimination perforasymmetry between these two conditions is a hallmark of perceptual completion processing. mance on within-and across-hemifield ICs cannot be attributed to their different orientations. A third possible explanation for the observed performance asymmetry is that vertical ICs might be processed better than horizontal ICs, independent of their Discussion location in the visual field. (The within-hemifield ICs presented were vertical, while across-hemifield ICs were
We assessed the quality of perceptual completion across different portions of the visual field with an illuhorizontal.) To test this hypothesis, we conducted a control experiment where the entire IC shape was consory contour (IC) shape discrimination task. We found a marked deficiency in processing illusory contours that tained within a single quadrant, located so that the horizontal and vertical IC edges were at an equal distance cross the vertical meridian (across-hemifield ICs), compared to ICs of the same eccentricity confined to one from the fixation point. Figure 6 shows the average per- hemifield (within-hemifield ICs). This difference was found only for perceptually completed contours, and not for luminance-defined contours. Two other control experiments showed that the superior performance on within-hemifield ICs was not a result of attentional bias, nor was it due to an inherent advantage for vertical over horizontal ICs. We conclude that the difficulty integrating visual information across the vertical meridian was a consequence of the interhemispheric divide in the representation of the visual field. Furthermore, sensitivity to the interhemispheric divide was unique to perceptual completion. This was demonstrated using a task IC completion relying on cascade-like mechanisms in While it is not straightforward to compare the perforearly cortex than on receptive-field IC detectors in mance in the IC and DM tasks due to the different stimuhigher cortex. Within each hemisphere, information can lus manipulation in each, some rough comparisons can be propagated through the dense network of lateral be made. To achieve threshold performance (82% corconnections known to exist in early cortex (Gilbert et rect) in the DM task, the contour segments had to be al., 1996; Gilbert and Wiesel, 1985). Propagation of infordisplaced by 41 arcmin visual angle (on average). In the mation between the two hemispheres, on the other within-hemifield condition in the IC task, the angular hand, would need to make use of callosal connections. opening of the luminance-defined inducers had to be The callosal connections in early cortex are limited to set at 2.7Њ to achieve threshold performance. This correconnections between cells with receptive fields near the sponds to a displacement of only 5.1 arcmin of visual vertical meridian (Clarke and Miklossy, 1990; Innocenti, angle of the corner of the luminance-defined edge. Thus, 1986; Kennedy et al., 1986; Newsome and Allman, 1980). the within-hemifield IC task required a significantly smaller physical change in the stimulus to achieve the Those connections could be used to link cascade pro-cesses across the two hemispheres, but it is likely that ing process should be able to complete smooth conthis would cause cross-hemispheric integration to be tours of a very large number of different lengths and less efficient than within-hemisphere integration. There curvatures. The abundance of small receptive field V1/ is evidence that callosal transfer can indeed slow propa-V2 cells sensitive to different locations and orientations gation of information in early cortex. In a recent study, offers a natural substrate within which to implement this Wilson et al. (2001) measured the rate at which waves requirement via a cascade mechanism. This is illustrated of monocular stimulus dominance swept across cortex in Figure 7C for three sample curves. In contrast, with during binocular rivalry. They found that propagation the receptive-field approach, one would have to posit rates were constant throughout cortex, except when the that the brain prewired units to detect and represent wave crossed the vertical meridian. They concluded that each of the completed contours in Figure 7C- Figure 1C) . Prior to participating in the experiments, eral reasons why it might be advantageous to achieve observers were tested to establish that they could perform shape discrimination based on such briefly presented ICs at an adequate contour completion in early visual cortex. A reliable link-level. Eleven out of fifteen observers were asked to participate in located 10.8Њ from the fixation point on average, but the entire stimulus was shifted randomly on each trial (orthogonal to the line orientathe experiments reported here based on this screening procedure. In all experiments, there was a fixation point at the center of the tion) uniformly over the range Ϯ3Њ. This random shifting ensured that the position of line segments relative to the fixation point could screen and observers were instructed to look at it at all times. Observers indicated their responses by pressing buttons on a comnot be used as a cue. The gap between a pair of DM line segments was 9.8Њ. The independent variable in these experiments was the puter mouse.
The IC inducers had a radius of 1.8Њ visual angle. They were distance one member of a DM line pair was shifted relative to the other. Stimuli were presented in mixed blocks (within-and acrosspresented 10.5Њ away from the fixation point (distance from fixation to inducers' centers), at the four corners of a square. This gave rise hemifield stimuli randomly interleaved) and uniform blocks (one kind of stimulus for an entire block). Mixed and uniform blocks gave rise to ICs that subtended 11.1Њ visual angle. The support ratio, defined as the fraction of the IC square's perimeter bounded by luminance to similar results. Data presented here were averaged over both kinds of blocks. The method of constant stimuli was used, with shift edges, was 0.25 (except where noted, see below). Pilot experiments showed that this support ratio gave rise to nonsaturating perforvalues of 6.6, 7, 26.5, and 40 arcmin of visual angle. Each observer performed 28 trials per stimulus (datum point in the psychometric mance with small degrees of curvature in the ICs at the presentation intervals used. The difficulty of the task was controlled by varying function). Thresholds and confidence intervals were estimated using the methods described for the IC experiments. x, the deviation of the mouths of the angular inducers from 90Њ. The deviation x was the independent variable and was varied using the method of constant stimuli. This allowed for averaging the perfor
